With observations of the EP Cru system, we continue our series of measurements of spin-orbit angles in eclipsing binary star systems, the BANANA project (Binaries Are Not Always Neatly Aligned). We find a close alignment between the sky projections of the rotational and orbital angular momentum vectors for both stars (β p = −1.8 ± 1.6
INTRODUCTION
One might expect star-planet and close binary star systems to have well-aligned orbital and rotational angular momenta, since they originate from the same portion of a molecular cloud. However, there are also reasons to expect misaligned systems. Star formation is a chaotic process, with accretion from different directions at different times possibly leading to misalignment between the stellar and orbit rotation axes (e.g., Bate et al. 2010; Thies et al. 2011 ). There are also processes that could alter the stellar and orbital spin directions after their formation. For example a third body orbiting a close pair on a highly inclined orbit can introduce large oscillations in the orbital inclination and eccentricity of the close pair (Kozai 1962) , thereby introducing large angles between the stellar spins and orbital angular momentum of the close pair. Close encounters and possible exchange of members in binary systems (e.g., Gualandris et al. 2004 ) would leave, among other clues, a fingerprint in the form of misalignment between the components. Tidal forces will over time erase these clues, because dissipation will tend to bring the axes into alignment while also synchronizing the rotational and orbital periods (e.g., Zahn 1977; Hut 1981; Eggleton & Kiseleva-Eggleton 2001) . Thus the degree of alignment between the stellar rotation axes and the orbital axis depends on its particular history of formation and evolution. Therefore measurements of stel-lar obliquities -the angle between stellar equator and orbital plane -allow us to test theories of formation and evolution in close star-planet and star-star systems.
For example the formation of star-star systems with orbital distances of only a few stellar radii is not completely understood. It seems unlikely that the stars formed at these orbital distances because they would have overlapped during their pre-main sequence phase, when they had larger sizes. Therefore the orbital distance likely decreased after formation. A possible mechanism is KCTF -Kozai Cycles with Tidal Friction (Eggleton & Kiseleva-Eggleton 2001; Fabrycky & Tremaine 2007) , which requires a third body on a wide orbit around the close pair. Tokovinin et al. (2006) found that 96% of binary stars with orbital periods less than 3 days have a third companion on a wide orbit while only 34% of binaries with orbital periods larger than 12 days have a third companion. Additional evidence for KCTF would be a misalignment between the stellar spin axes and the orbital spin, assuming that close binaries have aligned axes at birth, and that tides have not had enough time to align the spin axes. Thus measurements of stellar obliquities in close binary systems together with a good understanding of tidal dissipation in these systems might lead to a better understanding of binary formation.
For the case of close star-planet (hot-Jupiter) systems such an approach has been fruitful. Hot-Jupiters are thought to have formed much further from the star than their current orbital distances, mainly because not enough material would have been available so close to the star. Different processes which could have transported the planet inward would lead to different spin-orbit angles, and indeed systems with both small and large spin-orbit angles have been found (see, e.g., Winn et al. 2005; Hébrard et al. 2008; Johnson et al. 2009; Albrecht et al. 2012a; Brown et al. 2012 ). In addition Winn et al. (2010) and Albrecht et al. (2012b) presented evidence that all hot-Jupiter systems once had high obliquities, and that tides are responsible for the frequently observed low obliqui- ties. This suggests that the inward migration of hot Jupiters involves changes of the orbital planes of the planets.
With the BANANA project (Binaries Are Not Always Neatly Aligned) we aim to get a better understanding of the formation of close binaries as well as their tidal spin evolution. Here we study the EP Cru binary system. This is the fourth system which we study as part of the BANANA project (Albrecht et al. 2007 . We also refer the reader to Triaud et al. (2013) , for a description of a similar project by other investigators. While most of the stars in our sample are of early spectral types, their EBLM project focuses on eclipsing systems harboring low-mass stars.
EP Cru was only recently characterized by Clausen et al. (2007) . Table 1 gives some system parameters. We selected this system because Clausen et al. (2007) found it to be similar to DI Her, for which we already found the spin-orbit angles to be very large ). In particular the orbital parameters, the stellar masses, and the projected stellar rotation speeds (v sin i ), are similar in these two systems. Here v indicates the equatorial rotation speed and i the inclination of the stellar rotation axis along the line of sight (LOS). There is one important difference between the two systems: the age of the stars. Clausen et al. (2007) estimated an age of ≈ 50 Myr for the two stars in the EP Cru system while DI Her is essentially a Zero Age Main Sequence (ZAMS) system with an estimated age of 4.5 ± 2.5 Myr (Claret et al. 2010) . Therefore by studying EP Cru we have the opportunity to learn if according to our current understanding of binary evolution one system is simply an older version of the other, or if they had different childhoods altogether.
The plan of this paper is as follows. In the following section we describe our observations. The analysis of the spectroscopic observations during eclipses and out of eclipses is presented in Section 3. We present the results on the absolute dimensions, the orientations of the stellar rotation axes, and the derived age in Section 4. For the remainder of the paper we focus on the interpretation of the obliquity measurements before we summarize our findings in the conclusions. NOTE. -The phase is defined such that phase 0 corresponds to periastron. In column 3 'pri' indicates that the observation was taken during a primary eclipse and 'sec' indicates that the observation was obtained during an ongoing secondary eclipse.
SPECTROSCOPIC OBSERVATIONS
We observed the EP Cru system with the FEROS spectrograph (Kaufer et al. 1999) were taken to calculate a wavelength solution and monitor any changes in the spectrograph. For all observations we used the MIDAS FEROS package installed on the observatory computers to reduce the raw 2D CCD images and to obtain stellar flux as a function of wavelength. The uncertainty in the wavelength solution, expressed in velocity, is few m s −1 , and is negligible for our purposes. The resulting spectra have a resolution of ≈ 50 000 around 4481 Å (the wavelength area of the spectra we analyze). We corrected for the radial-velocity (RV) of the observatory, performed initial flat fielding with the nightly blaze function, and flagged and omitted bad pixels.
ANALYSIS
In this section we outline the analysis of the spectra with the aim of deriving absolute dimensions of the system and learning about the projected obliquities of both stars via measurements of the Rossiter-McLaughlin (RM) effect, which occurs during eclipses. We describe which part of spectrum we analyze and briefly introduce the model to which we compare the data and the algorithm used to extract system parameters. Our approach for EP Cru is similar to the approach employed in Papers I-III.
Spectral region -We focus on the Mg II line at 4481 Å, as this line is relatively deep and chiefly broadened by stellar rotation. It is located in the red wing of the pressure-broadened He I line at 4471 Å. While this line might also be included in the analysis (Albrecht et al. 2011) , we decided here to exclude it as there is enough signal in the Mg II line and modeling the pressure broadening in the He I line represents an additional complication. Thus we fitted a Lorentzian model to the encroaching wing of the He I line and subtracted it before modeling the Mg II line. For this fit we used the spectral regions 4472 -4476 Å and 4486 -4498 Å, thereby avoiding the influence of the Mg II line. Each spectrum was binned to a resolution of about 12 km s −1 , to speed up subsequent computations. Because the stellar rotation speeds are an order of magnitude larger, there is no significant loss of information due to the binning; we verified this by experimenting with higher resolutions.
Model -The measured spectra show absorption lines of both stars in the system. Before, during, and after eclipses the RVs of both stars are similar, leading to a substantial overlap of the two absorption lines. Hence, light emitted from both stars has to be accounted for when analyzing the RM effect. We used the numerical code from Albrecht et al. (2007) which simulates the spectra of both stars in a system.
The stellar disks are discretized with ∼ 30, 000 pixels in a Cartesian coordinate system. We assume the stars to be spherical because they are well separated with rotation speeds much slower than the breakup velocity; Clausen et al. (2007) estimates an oblateness of about 0.0008. We further assume uniform rotation and quadratic limb darkening. Stellar surface velocity fields are parameterized adopting the macroturbulence model by Gray (2005) . 7 The coordinates of both stars projected on the sky are calculated and light from visible parts of the stellar hemispheres is integrated. The resulting absorption line kernels are shifted in wavelength corresponding to the line they represent and weighted according to the light contribution of the respective star.
Parameter choices -Having the model in place we can now learn about the EP Cru system by specifying a number of parameters. The Keplerian orbit of the two stars can be described with the following 6 parameters: The orbital period (P), a specific time of minimum light during primary eclipse (T min,I ), the orbital eccentricity (e), the argument of periastron (ω), and the velocity semi-amplitudes of the primary and secondary stars (K i ). Here the subscript 'i' stands for either 'p' indicating the primary star or 's' indicating the secondary (slightly less massive) star. In addition, velocity offsets (γ i ) are needed. For e and ω we use the stepping parameters √ e cos ω and √ e sin ω, as they are less correlated than e and ω themselves. The results from the photometric study by Clausen et al. (2007) can be used to constrain some of these orbital parameters. However the photometry used by Clausen et al. (2007) was gathered about 20 years ago and the system is expected to have an apsidal motion period of a few thousand years. The change in ω could be of order 1
• over the last two decades. In addition the apsidal motion is not measured yet and we cannot calculate it from the known system parameters as it depends on the true stellar obliquity and not only the sky projection (Shakura 1985; Albrecht et al. 2009 ). Thus we do not use the photometric values on T minI, and ω as priors and we only use the measurements of P and e by Clausen et al. (2007) as prior constraints. We revisit this subject in Section 4.3.
Additional parameters are needed to describe the projected equatorial rotation speeds (v sin i i ), the Gaussian width of the macro-turbulence (ζ i ), and the parameters of greatest interest for this study, the sky-projected spin-orbit angles (β i ). The angle is defined according to the convention of Hosokawa (1953) .
The photometric character of the eclipses are specified by another set of parameters: the light ratio between the two stars at the wavelength of interest (L s /L p at 4480 Å), the quadratic limb darkening parameters (u1 i and u2 i ), the fractional radii of the stars (r i ), and the orbital inclination (i o ), for which we step in cos i o . For the fractional radii and the orbital inclination we use prior information from Clausen et al. (2007) . For L s /L p we use their results in the b band. To constrain the limb darkening parameters we used the 'jktld' 8 tool to query the ATLAS atmospheres (Claret 2000) and placed a Gaussian prior on u1 i + u2 i with a width of 0.1 and held the difference u1 i − u2 i fixed at the tabulated value.
An additional parameter is needed for each star to describe the relative depth of the Mg II lines. The Mg II line consists of a doublet, given the close spacing (0.2 Å) we model it here as single line.
The two components in the EP Cru system are very similar to each other (see Table 1 ). We therefore decided to use the same limb darkening parameters and macro-turbulence velocities, for both stars, thereby reducing the number of free parameters to 20. Of these, 7 are further constrained by Gaussian priors as explained above. Table 3 summarizes all of the prior constraints.
There is always a small residual uncertainty in the initial normalization of the spectra. To propagate this into the uncertainty intervals of the final parameters we added for each of the 48 observation 3 free parameters which describe a quadratic function used to normalize the continuum level. The values of the normalization parameters were optimized using a separate 3-parameter minimization for each observation, each time a set of system parameters is evaluated. This process is similar to the "Hyperplane Least Squares" method that was described and tested by Bakos et al. (2010) . 
RESULTS
The results for the model parameters are given in Table 3 . Figure 1 shows the spectra in the vicinity of the Mg II line and the corresponding model for the out-of-eclipse observations. Figures 2 and 3 show the same for the spectra obtained during primary and secondary eclipses. The apparent radial velocities in the EP Cru system are shown in Figure 4 as well as a pole-on view of the orbit.
Stellar Rotation and Projected Obliquities
The main result of our analysis is that the sky projections of the two stellar rotation axes β p = −1.8±1.6
• and β s = −13±4
• indicate close alignment between the stellar rotation axes and the orbital angular momentum. However while the value for β p is consistent with prefect alignment β s seems to indicate a small but significant misalignment. How robust is this finding of a small misalignment? We note that we have somewhat lower S/N observations during the secondary eclipse than during the primary eclipse and fewer observations directly before, during and after the eclipse (See Table 2 , and Figures 2, 3, and 4). To test the robustness of the result we reran the MCMC chain with different model assumptions. For example we constrained the model more, by leaving γ i and the line depths of both stars tied to each other, or we left ζ i and the limb darkening parameters completely free. We also excluded some observations to test if a small number of observations are having a disproportionate influence on the result. For all these runs we found a negative β s . The result closest to alignment was β s = −9 ± 5 • . At the same time the result for β p did not change by more than 0.4
• during these tests. There are, however, two peculiarities about our result for β s . The posteriors for all the other parameters have only a single peak, FIG. 6.-Stellar evolution tracks for EP Cru from the Yonsei-Yale series (Yi et al. 2001; Demarque et al. 2004 ) compared with the measurements. The tracks are interpolated to the measured masses and a metallicity of [Fe/H] = +0.03 that best fits the temperatures. The uncertainty in the location of the tracks that comes from the mass error is indicated with an error bar for the primary, and is similar for the secondary. The age according to these models is 57 ± 5 Myr.
while the posterior of β s has a small (two orders of magnitude lower) secondary peak at positive angles around β s = 13
• ( Figure 5, upper panel) . In addition there is a correlation between β s and r p ( Figure 5, lower panel) . r p is the only parameter for which we do find a more than 1-σ displacement between the prior constraints and results (Table 3 ). Taken the above mentioned points into consideration we are confident that |β s | < 17
• but we cannot exclude a small projected obliquity for the secondary star, with the data at hand.
For the projected rotation speeds we find v sin i p = 141.4 ± 1.2 km s −1 and v sin i s = 137.8 ± 1.1 km s −1 . We consider the formal uncertainties in the v sin i i to be too low for the following reasons: We tested different limb darkening laws and found for example that for a linear limb darkening law the best fitting v sin i values are lower by about 4 km s −1 . Also we suspect that our particular choice of parameterization of the stellar surface velocity fields will influence the values we find for the projected rotation. We therefore estimate that a uncertainty of 5 km s −1 is more realistic and also indicated that uncertainty in Table 3 . As mentioned above, normalization for each observed spectrum is included in our routine, hence any uncertainty in normalization is already incorporated in the formal uncertainty.
We note that the projected rotation speeds are similar to the average rotation speed for B stars (v sin i = 130 km s −1 ), as analyzed by Abt et al. (2002) . However the stars might have undergone a change of v due to tidal interactions (Section 5). Therefore we can not conclude from the similarity of the measured v sin i to the expected v that sin i is close to unity. Nevertheless it seems unlikely that the stars have large inclinations relative to the line of sight and at the same time their projected axes on the plane of the sky are both aligned. In what follows we assume that not only the projections of the rotation axes are small, but that the axes themselves are aligned too (sin i ≈ 1).
Concerning the values for the macro-turbulence, we expect that the value we find does not have a simple physical interpretation. This is because we assume equal brightness of raising and falling material as well as equal surface coverage of movement tangential and radial to the stellar surface, both assumptions do not need to be fulfilled in reality. We did test if there is a strong dependence of the measured values for projected obliquities on our adopted model for macro-turbulence, and found none.
Absolute Dimensions and Age
From the posterior of our MCMC chain we find K p = 102.2 ± 1.5 km s −1 and K s = 106.2 ± 1.4 km s −1 in agreement with values from the literature (Table 3) . We also calculated the K i values only using out of eclipse data, making them less dependent on any assumption included in our eclipse model. With K p = 101.9 ± 1.5 km s −1 and K s = 106.2 ± 1.6 km s −1 we obtain consistent results. With the new spectroscopic data we not only obtain precise mass estimates for both stars but also improve on the absolute radii. This is because the accurate scaled radii r i obtained via photometry need to be multiplied by the absolute scale of the system, the semi-major axis (a).
With the new values for the stellar masses, surface gravities (log g i ), and the effective temperatures T eff i measured by (Clausen et al. 2007 , see also Table 1 ) we can estimate the stellar ages using stellar evolution models. Here we employ the Yonsei-Yale evolutionary tracks (Yi et al. 2001; Demarque et al. 2004 ). We find a good fit for solar metallicity and an age of 57 ± 5 Myr ( Figure 6 ). Another good check is the temperature difference between the stars, since the difference is probably better determined than the absolute temperatures. Indeed the temperature difference predicted by the models (i.e., the separation between the evolutionary tracks) is in good agreement with the temperature difference measured by Clausen et al. (2007) .
Apsidal Motion
Now that the stellar rotation is known we can calculate the expected apsidal motion in the EP Cru system. We use the apsidal motion constant log(k 2 ) = −2.3 from Claret (2004) for both stars in the system. We assign an uncertainty of 0.1 in log space to this constant. From the results in Table 4 we can see that we expect a shift of ≈ 1.6 ± 0.2
• over the last 20 years (which approximately have elapsed since the photometric measurements). Most of this shift is expected because of deformation of the stars by their rotation. That we 9 John Southworth provided us with the 5 out of eclipse spectra used in the Clausen et al. (2007) study and we found that these are consistent with our data set. Because of the potential small change in the argument of periastron over the last 20 years they have not been included in this study. Hut (1981) . To calculate v ps i we used a Ωps of 0.8 (see Hut 1981, Figure 3 ). find a small increase in the argument of the periastron and a (≈ 22 minutes) earlier primary eclipse than expected from linear ephemeris seems to indicate apsidal motion of the order of magnitude as expected. However spectroscopic data is not very good at determining ω and we find it difficult to estimate the significance of the measured value for ω. Therefore to make a meaningful comparison between the measured and expected apsidal motion, new photometric eclipse timings should be undertaken.
THE ALIGNMENT IN CONTEXT
Having established the absolute dimensions, age, and state of rotation in the EP Cru system we can now compare EP Cru to its apparently younger sibling DI Her. In Table 5 we reprint some of the values from EP Cru. According to these values the two systems are similar, apart from two characteristics: 1) their ages, EP Cru is about an order of magnitude older, 2) EP Cru appears to have aligned axes which is definitely not the case for DI Her. We would like to find a picture in which the misalignment in the young DI Her system can be explained as well as the alignment in the older EP Cru system.
Knowing that the scaled radii are large enough in these systems to allow for substantial tides, we might suspect that the difference in spin-orbit alignment is a result of observing these systems at different stages in their evolution rather than them having two different formation and evolution paths. The hypothesis would be that both stars had misaligned axes, and we see EP Cru with aligned axes only because it is older and tides have had enough time to align the axes.
The large eccentricities seen in both DI Her and EP Cru is consistent with this hypothesis, because tides first align and synchronize rotation and only on a longer timescale do they circularize the orbit. This is mainly due to the higher amount of angular momentum stored in the orbital motion compared to the stellar rotation, and for systems with a low-mass secondary this is not necessary the case. However another finding makes the hypothesis difficult to reconcile with current tidal theories. The stars rotate at ∼ 9 times the speeds expected for synchronized or pseudosynchronized states (Table 5) . Thus tides have not yet synchronized the stellar rotation speeds in the EP Cru system. Formulations of tidal interactions predict that damping of any significant spin-orbit misalignment should occur on the same time scale as synchronization of the rotation (Hut 1981; Eggleton & Kiseleva-Eggleton 2001). 10 This is because in these tidal models, a single coefficient describes the coupling between tides and rotation. When stellar rotation is much faster than the synchronized value rotation around any axis is damped by about the same amount. Thus the angle between the overall angular momentum and stellar spin does not change: only the rotation speed is reduced. When the stellar rotation around a axis parallel to the orbital angular momentum approaches the synchronized value than rotation around this axis couples less to tides. Rotation around any other axis is still damped by tides, which only ceases when the rotation around these axes stops. The stellar rotation aligns to the orbital axis.
To illustrate this point we used the TOPPLE tidal-evolution code developed by Eggleton & Kiseleva-Eggleton (2001) . For this simulation we used the EP Cru parameters from Table 5 but with initial obliquities taken from DI Her, and an initial faster stellar rotation speed at zero-age main sequence. The results are shown in Figure 7 . The stellar obliquities remain large until the stellar rotation speeds approach synchronization, at which point obliquities are damped. This suggests that EP Cru had aligned axes when it was as young as DI Her, implying in turn that DI Her and EP Cru do not represent different stages of one evolution, but rather two different evolution paths.
At the moment it is not possible to make more general statements as only a few measurements of obliquities have been carried out in close double-star systems. Furthermore most of these have been conducted in Algol systems which have undergone mass transfer (see Table 1 of Albrecht et al. 2011 ). Obliquity observations should be carried out in a variety of systems. Of particular interest would be young systems with short orbital periods with and without a third star. The systems should be young to minimize the influence of tides, they should have orbital periods ranging from few days to few tens of days. Obliquity measurements in these systems would be helpful in testing predictions of KCTF and thereby of close binary formation. Measurements of obliquities in wider systems would probe the length scale over which the primordial angular momentum was influential. Conducting such measurements is the aim of the BANANA project.
SUMMARY
We have analyzed high resolution spectra of the eclipsing close double star system EP Cru. We obtained absolute dimensions and showed that the rotation axes of both stars are aligned with each other and the orbital rotation (β p = −1.8 ± 1.6
• and |β s | < 17 • ). EP Cru is similar in its orbital and stellar characteristics to -Tidal evolution of a system similar to EP Cru, but with misaligned spin axes. The blue and red lines show the evolutions of primary and secondary obliquities (angle between stellar spin and orbital plane) in a system with the parameters of EP Cru. However we started the run with obliquities which have been measured in the DI Her system and faster stellar rotation. We included the stellar evolution (in particular the change of the stellar radii with time) of the system as estimated with the Y 2 -evolutionary tracks (Yi et al. 2001; Demarque et al. 2004 ) and set the viscous time (t V ) to 50 000 years, about 1 000 times larger than what is normally assumed for late type stars. (A lower value of t V would lead to an overall faster tidal evolution but will leave the ratio of the alignment and synchronization timescales unchanged.) There is little evolution in the stellar obliquities until the rotation speeds approach the pseudo-synchronized value for rotation (V PS ), which is indicated by the vertical line and is currently similar for the two stars (Table 5).
two strongly misaligned stellar rotation axes. We have been unable to show that both systems represent different stages of one evolution path. This is because the stars in EP Cru rotate at a few times their synchronized value and tidal theory predicts that synchronization occurs around the same time as alignment. Therefore the two systems likely represent two different formation scenarios rather then two different evolutionary stages. The sample of close double star systems for which the obliquities are measured remains small. We plan to ratify this situation by measuring obliquities in more close double star systems in the framework of the BANANA project.
